This study presents a consistent, national-level evaluation of potential biodiesel volumes and prices, replicated across 226 countries, territories and protectorates. Utilizing all commercially exported lipid feedstocks from existing agricultural lands, we compare the upper-limit potential for expanded biodiesel production in terms of absolute biodiesel volumes, profitable potential from biodiesel exports, and potential from expanded vegetable oil production through agricultural yield increases. Country findings are compared across a variety of economic, energy, and environmental metrics. Our results show an upper-limit worldwide volume potential of 51 billion liters from 119 countries; 47 billion of which could be produced profitably at today's import prices. Also significant production gains are possible through increasing agricultural yields --a 12-fold increase over existing potential, primarily hinging on better management of tropical oilseed varietals. 
Introduction
Petroleum is the largest single source of energy consumed by the world's population, exceeding coal, natural gas, nuclear, hydro and renewables (1).
Global demand for petroleum is predicted to increase 40% by 2025 (2). Concerns about oil supply and energy security have motivated many countries to consider alternatives to imported petroleum. Liquid biofuels, renewable fuels derived from biomass, are arguably one of the best options to lead the transition away from petroleum fuels in the near-term and have made a recent resurgence in response to rising oil prices. However, biofuels present resource and environmental challenges depending on where, how and from which feedstocks they are developed. The US, with its rapid development of corn-ethanol, has demonstrated that countries with dwindling (or no) petroleum reserves will not always act in the best interests of global food markets (3) . Our study attempts to calculate an upper-limit on biodiesel production and to help identify countries best positioned for development in an effort to anticipate changes to commodity markets.
Biodiesel is the biofuel of focus in our study due the diesel engine's wide range of applications, the Diesel-Cycle's inherent combustion efficiency advantage over Otto-Cycle engines (powered by gasoline), and diesel fuel's dominant position in the refined petroleum products market --accounting for 27.0% of worldwide refined petroleum consumption vs. 25 .6% for motor gasoline (1). Even in countries where gasoline is the primary liquid fuel, diesel vehicles are used for the vast majority of commercial freight, construction, and infrastructure maintenance, giving them a unique importance across a wide range of economic sectors. Additionally, because biodiesel can be refined under normal atmospheric temperature and pressure, it can be produced economically across a variety of places and scales; from urban to rural, small to commercial.
The ease of manufacture also contributes to biodiesel's high net energy balance --for example, soybean-biodiesel produces a 93% energy gain vs. 25% for cornethanol (4). Although the technical details of biodiesel have been thoroughly studied (7) (8) (9) , there has been less focus on what constitutes a strategic deployment. Our review, including both peer-reviewed and "gray" literature from state, federal and international groups, identified thirteen publications estimating the volume and value of biodiesel that can be produced from domestic feedstocks, listed in supporting Table S.1 (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . These studies differ from one another in terms of study type, geographical scope, feedstocks and level of detail. Additional location-specific studies presumably exist, but were not widely circulated enough to be identified in our review. Whether due to the focus on specific feedstocks or the different methods used in calculating volume potential, these individual analyses do not lend themselves to comparisons with each other.
Our study presents a consistent, national-level evaluation of potential biodiesel volumes and prices, replicated across all countries in the world. This work is intended as a first-order comparison of countries based on national agricultural, economic, and fuel-use characteristics. Considering 226 countries, territories and protectorates, and all major lipid feedstocks, we compare the potential for expanded biodiesel production from existing agricultural lands and animal fats. 
Analysis Method
We have constructed a database spanning all countries and all lipid feedstocks, and a variety of economic, energy, and environmental metrics. Data are drawn from publicly available, online sources, so the conclusions may be independently updated as newer, more complete data sets become available.
Unless otherwise noted, all of the sources below were converted to metric units and United States dollars (US$).
Assessing the total volume of lipids that can be utilized for biodiesel remains difficult as there are over 350 species of oilseed plants, many of which are unique to specific locations and climates (23) . Similarly, the fats from any animal species can be used as a feedstock. To ensure robust and comparable data, we limited our feedstocks to large-volume, commodity oilseed crops and fats tracked by the Food and Agriculture Organization (FAO) of the United Nations Statistics Division (FAOSTAT). All biodiesel volumes and prices are based on processed oils and fats export statistics from FAOSTAT (24) . This study presumes nonexported lipids are required for domestic uses, including food demands, while exported lipids are free of encumbrances --if only from a national perspective.
We also calculated biodiesel volumes resulting from crushing and processing primary oilseed crop exports; however, these estimates were left out of the final assessment for not significantly affecting the overall volumes. soybean-biodiesel volume targets were to increase by 40%, soybean prices would be expected to increase by 3.9% (30) .
Volume Calculations
To determine those countries currently positioned to profit most from biodiesel exports, we compare biodiesel production costs, BEV ij calculated above, with a baseline price for imported biodiesel, IP. As noted, the European Union is the largest market for biodiesel --even with over 90% of worldwide biodiesel production, they cannot meet demand due to favorable subsidies and aggressive renewable fuel targets. The import price (IP) used in this study for biodiesel that meets EU quality standard EN14214 is €73.00 per 100 liters, or $0.88 per liter, excluding VAT (exchange rate from March 21, 2006) (31).
Because the FAOSTAT export prices include profits from lipid production, BP ij is defined as each country's new profit resulting from biodiesel processing:
Thus, total national revenue would equal existing lipid revenues plus BP ij.
Although this price is a convenient baseline, the import price of biodiesel can change quickly depending on such factors as current domestic biodiesel production levels, petroleum diesel prices, agricultural yields and legislation. In addition to the baseline import price, we evaluate the sensitivity to reasonable historical minimum, historical maximum, and projected maximum prices.
Because significant historical biodiesel pricing does not exist, we based our import price sensitivity analysis off fluctuations in petroleum diesel prices, which correlate well with current biodiesel prices. These diesel prices were normalized to the $0.88 per liter biodiesel price on January 13, 2006, 45% higher than petroleum diesel on that date. Our price sensitivity analysis employs a low 
The United Nations Development Programme (UNDP) calculates the
Human Development Index (HDI) as part of the Human Development Report, and covers 177 countries. The HDI is a summary composite index that measures a country's average achievements in three basic aspects of human development: longevity, knowledge, and standard of living (37).
Gross Domestic Product (GDP) per capita is factored into the HDI, but it is
also used independently as a measure of average well-being and in later calculations on economic impacts of biodiesel production (37).
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We calculate impacts of biodiesel production on unemployment and GDP per capita on a per liter basis to determine which countries are best suited to realize estimated biodiesel volume potentials, assuming all production occurs domestically. To compare environmental impacts among countries, we calculate the estimated CO 2 emissions reductions associated with moving from petroleum diesel, a sequestered carbon source, to agricultural biodiesel, a renewable carbon source/sink. However, biodiesel is not 100% carbon-neutral, as current production methods still depend on petroleum for fertilizers and delivery vehicles, and on coal-fired electricity in refining operations. For this study, we employ the Because we draw from a diverse array of data sources, not all countries have complete data sets. Countries were eliminated from the study if biodiesel volume potential could not be fully calculated. However, countries were still included if indicators or impacts were incomplete, and noted as such. An additional limitation of using data from such comprehensive, global sources was that, in many cases, the primary data is not tracked annually. In all cases, data from the most recent, complete years were used --all of which were between 2000 and 2006.
Although simple economic and environmental impacts are considered in our study, many of the more complex and far-reaching consequences are not.
Vegetable oil currently used in biodiesel production only accounts for approximately 2% (2.2 billion liters) of global vegetable oil production, with the remainder going primarily to food supply (6,39). While small today, as the biodiesel industry grows, the market effects on vegetable oils and their byproducts could significantly impact global food supplies and the sustainability of agriculture practices if current trends continue. 
Results
The opportunities for expanded biodiesel production on national scales are examined in three ways: as raw volume potential, as profitable potential from biodiesel exports, and in an upper bound estimate scenario with increased agricultural yields. Table 1 , ranked by overall volume potential. Among these countries, the average feedstock dependence is: 28% for soybean oil, 22% for palm oil, 20% for animal fats, 11% for coconut oil, and 5% each for rapeseed, sunflower and olive oils.
However, in part due to relying on different feedstocks, not all of the countries in Table 1 are equally suited to large-scale biodiesel production --as witnessed by the production cost per liter in Figure 2 . Biodiesel production costs vary considerably, ranging from $0.29 per liter to over $9.00 per liter.
Complicating the results, our study reveals what we term processing-stopover countries; countries which import raw oilseed crops or unprocessed oils, only to process them domestically for later export. The Netherlands is an example of one such country and was identified by the drastic difference in the feedstock distribution of exported processed oils and the distribution of domestic oilseed crops. Identifying all of these countries, however, requires country-specific data not included in our comparative database. Considering only "developing" or "less developed" countries, Table 2 lists the "top 10" nations with the best combination of high potential volume and low production cost, ranked by total profit. All of the countries in Table 2 The economic and environmental impacts of development projects in these countries are shown in Table 3 . Malaysia stands out by the comparatively large feedstock volume that can be profitably refined into biodiesel and exported.
Malaysia currently has a very low official unemployment rate at only 3.6%. By building-out biodiesel refining capacity, the country could potentially reduce that figure by more than 2%, down to 3.5% overall. The proportional rises in GDP per capita, number of jobs created and amount of CO While the gains look small comparatively, other countries can also benefit economically by developing their biodiesel refining and export infrastructure. By pursuing biodiesel exports, Thailand and Columbia could both contribute tens of millions of dollars to their GDPs while generating hundreds of jobs. Ghana has a unique position of having low debt, low perception of corruption and high foreign investment, but low human development ranking and low GDP per capita so investment could have a high impact on economic well being.
Cumulatively, the biodiesel export potential identified by our study represents a 21-fold increase over current production. Not all of this potential could be realized, since even with animal fats removed, the necessary feedstocks make up almost one third of all vegetable oil demand. Converting all of these volumes to biodiesel would surely affect food supplies and increase feedstock prices. This study represents a first-order approach to identifying upper-limits of biodiesel production potential from existing commodity exports. To fully understand how development might impact market prices of specific feedstocks, individual countries are encouraged to perform detailed national and global economic analyses. To help address the issue of a growing biodiesel industry increasingly competing with food resources, our study also conducted a preliminary analysis of increasing vegetable oil production through yield improvements. For this "well-managed yields" growth strategy --the expected production from a modernized farm with high-quality management --we considered only currently cultivated oilseed lands, as defined by the FAOSTAT database, and omitted animal fats. It is important to note that we define well-managed yields to be different from bestcase yields, which are very regionally dependent and are typically reported from individual farms or even specific plots. For instance, instead of using the highly touted 6000 liters/hectare best-case yield for palm oil, we chose a more realistic and widely-achievable yield of 3800 liters/hectare (42). We also recognize that yields naturally trend upwards over time due to technological and efficiency measures; albeit not nearly at the rate and scale we assume for this scenario. To estimate CD ij , we multiply FAOSTAT figures for aggregate domestic demand, AD j , by the known ratio of a specific crop's production, CP ij , to a country's total oilseed production, AP j (24) . 
Discussion
This study, while by no means exhaustive, serves to highlight the untapped opportunities present in many developing countries --helping to address some of the most prominent perceived barriers to large-scale biodiesel development. We We caution that biodiesel must be developed in a responsible and sustainable manner. Advanced production technologies are being pursued;
including the use of crop selection optimization, the growing of dedicated energy crops such as jatropha on marginal lands, and eventually the use of algae-based oils which do not compete for fresh water or farm land (45,46). However, until these more efficient modes of production become commercialized, the ad hoc nature of current biodiesel growth will eventually impact global food supplies and long-term sustainability of agriculture production. Nevertheless, with the possibility of large gains in crop yields alone, it may be possible to significantly increase biodiesel production in the near term without requiring additional land or sacrificing food supply. 
